Human immunodeficiency virus type 1 (HIV-1) and HIV-2 are etiologic agents of AIDS (8, 17) . The genomic organization of these viruses is very similar, resulting in an average protein homology of 35% (33) . Structural differences of HIV-1 and HIV-2 reflect distinct biological and clinical behaviors, namely, in infectivity. Although HIV-1 is found worldwide, HIV-2 is still mainly localized in West Africa, suggesting that HIV-2 is less infectious (38, 54) .
The viral infectivity of HIV is modulated by the viral infectivity factor (Vif) (15, 49) . HIV-1 Vif (Vif1) is a 192-aminoacid protein conserved in all known lentiviruses with the exception of equine infectious anemia virus (35) . Functional studies on Vif1 established that it acts during the late stage of viral production, in a cell-dependent manner, and its absence impairs the early stages of infection. Accordingly, it was demonstrated that Vif-deficient HIV-1 is impaired in endogenous reverse transcription to complete proviral DNA in newly infected cells (3, 9, 10, 15, 34, 49, 51, 55) . Cells have been classified as permissive (Vif is dispensable for HIV replication) and nonpermissive (Vif is required for HIV replication) (1, 10, 40, 55) . Vif is essential for viral replication in primary T lymphocytes, in macrophages, and in some T-cell lines such as H9 (16, 40) . The intracellular localization of Vif1 was reported at the plasma membrane (18, 19, 48) , the cytoplasm (18, 23, 32, 47) , the cytoskeleton (21, 23) , and the nucleus (7, 22) , as well as in purified virus preparations (3, 23, 26) .
Recently, it was demonstrated that Vif acts by interaction with an antiviral host factor (44) . This cellular factor (CEM15) was identified in nonpermissive cells for HIV-1 and later called APOBEC3G. This protein belongs to a family of nucleic acidediting enzymes related to APOBEC1, a cytidine deaminase that edits the apolipoprotein B mRNA. APOBEC3G acts as a DNA mutator of the minus strand of retroviral DNA, converting cytosine to uracil (20, 28, 29, 61) . Vif protein promotes the degradation of APOBEC3G from virus-producing cells by inducing its ubiquitination and subsequent proteasome degradation (30, 31, 45, 60, 61) .
The HIV-2 vif gene has only 25% identity with vif from HIV-1 (39) . Analysis of the HIV-2 Vif protein (Vif2) has been less extensive than studies with Vif1. Differences in cytopathicity, host range, and susceptibility to neutralizing antibodies have been reported for various HIV-2 isolates (5, 43) . Characterization of Vif2 functional domains may elucidate its function, as well as differences between HIV-1 and HIV-2 infectivity. Moreover, since Vif is essential for viral infection, its molecular characterization should provide information on potential antiretroviral strategies.
Functional studies of Vif1 have identified important sequence motifs and amino acid residues (19, 50, 58) . Two cysteine residues (27) and a major conserved motif (144-SLQXLA-149) (59) are essential for Vif1 function. Mutations in the phosphorylation site of Vif (Ser 144 ) cause a defect in viral infectivity (57) (58) (59) . The C-terminal domain of Vif1 is required for membrane localization and interaction with membraneassociated proteins (19) . It was also showed that Vif interacts with the Gag precursor (4) . Deletion analysis showed that Vif is packaged into a ribonucleoprotein complex by an interaction of its central region with viral genomic RNA and suggested that its incorporation into virions is important for its function (25) . More recently, amino acid residues Glu 88 and Trp 89 in the central hydrophilic region of Vif1 were demonstrated to be critical for viral infectivity by enhancing the steady-state expression of Vif (14) .
The aim of the present study was to identify the permissivity of different cell lines for HIV-2 vif-minus viruses. We performed mutational analyses of Vif2 with deletions and substitutions introduced into specific conserved motifs of the protein (39) , as well as in conserved motifs between Vif1 and Vif2 (35) . Mutant proteins were also characterized for their stability, expression, and cellular localization. Virus replication in various target cells and infectivity in single-cycle assays in the presence of APOBEC3G was also analyzed.
MATERIALS AND METHODS
Vectors and DNA constructs. The proviral expression vector pKP59 (HIV-2 ROD ), the vesicular stomatitis virus glycoprotein expression vector (pVSV-G), and plasmids coding for pHIV-1 NL43 and pHIV-1 NL43 vif-minus viruses were obtained from AIDS Research and Reference Reagent Program. A 2,268-bp fragment of HIV-2 ROD containing the vif gene was cloned in plasmid pBK-CMV (Stratagene). This plasmid was used for PCR-mediated site-directed mutagenesis of vif gene. Vif2 defective plasmid (MDSTOP) was constructed by altering the vif sequence encoding amino acids 51 and 52 (TGGTGG) for two in-frame stop codons (TGATGA). MD1A and MD1B are deletion mutants in the conserved motif of Vif2 protein (amino acids 42 to 61). Vif MD1A has a deletion from amino acids 42 to 50, and Vif MD1B has a deletion from amino acids 51 to 61. MD5 (amino acids 24 to 31) and MD8 (amino acids 147 to 153) are deletion mutants of Vif2 protein in conserved regions between Vif2 and Vif1. M2 was altered in the conserved region of HIV-2 Vif protein between amino acids 120 and 130 by substitution of Arg 123 , Arg 124 , and Arg 127 for alanine. Vif M6 and Vif M7 are substitution mutants in the conserved cysteine amino acids Cys 116 Arg and Cys 134 Arg/Cys 135 Gly. The integrity of Vif protein mutants was confirmed by sequencing. All Vif2 mutants were cloned into proviral HIV-2 ROD by replacing the BclI/PmaCI fragment of pKP59 (amino acids 4665 to 6238) with the corresponding fragment from pBK-CMV Vif mutant clones. APOBEC3G was amplified from the H9 cell line cDNA by using the oligonucleotides 5Ј-GAATTCAA GGATGAAGCCTCACTTCAGA-3Ј and 5Ј-GACTGCAGCCCATCCTTCAG TTTTCCTG-3Ј and cloned in pcDNA3.1 (Invitrogen). The sequence of hemagglutinin (HA) tag was added at the C-terminal end of APOBEC3G. The expression plasmids of Vif wild-type and Vif mutant clones were constructed by PCR amplification and cloned into BamHI and EcoRI restriction sites of plasmid AS1B containing the first 15 codons of the HA sequence under control of cytomegalovirus (CMV) promoter. Expression plasmids NP and TE contain the open reading frames of a nuclear protein and the thioesterase cloned by PCR amplification in plasmid AS1B.
Immunolabeling. HeLa cells were cultured in complete Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. Cells (10 6 ) were grown on coverslips and transfected with the corresponding DNA by the CaCl 2 method (41). Mouse and rat anti-HA monoclonal antibodies (Roche) were used as primary antibodies. Secondary antibodies conjugated with fluorescein isothiocyanate or Cy3 were obtained from Jackson Immunoresearch Laboratories (0.5 to 1 g/ml; multiple-labeling grade). Immunolabeling was performed according to the method of Pombo et al. (36) . Confocal microscopy was performed by using a hybrid Bio-Rad MRC1000/MRC1024 confocal laser-scanning microscope (running under Comos 7.0a) equipped with an argon-krypton laser and coupled to a Nikon Diaphot 200 inverted microscope (ϫ60 PlanApo oil-immersion objective lens; numerical aperture, 1.4). Kalman-filtered images (n ϭ 6 to 15) were collected sequentially with a minimum iris aperture (0.7 mm), and the minimum laser power that filled the whole gray scale in the low scan/low signal mode.
In vitro transcription and translation. Mutant and wild-type vif genes cloned in plasmid pBK-CMV were expressed by using a transcription-translation reaction with a TNT Coupled Reticulocyte Lysate System (Promega) performed according to the manufacturer's instructions. Radiolabeled products were resolved by standard reducing sodium dodecyl sulfate-7.5% polyacrylamide gel electrophoresis (SDS-7.5% PAGE) and exposed to X-ray film.
Cell culture and virus. 293T, HeLa, HeLa CD4 ϩ , and HeLa P4 cells were propagated in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS). T-cell lines SupT1, H9, Jurkat, and A3.01 and the monocyte/macrophage cell line U38 were grown in complete RPMI 1640 medium supplemented with 10% FBS. All cell cultures were maintained at 37°C in 5% CO 2 .
Human peripheral blood mononuclear cells (PBMC) from healthy donors were treated for 72 h with phytohemagglutinin and maintained in RPMI 1640 medium supplemented with 15% FBS and 20 U of interleukin-2 (Roche)/ml. Virus stocks were prepared by cotransfection of 293T cells with HIV-2 ROD or HIV-2 ROD vif mutant proviruses plus pVSV-G with Fugene reagent according to the manufacturer's protocol (Roche). Virus-containing supernatants were harvested 48 h posttransfection, and cellular debris was removed by centrifugation at 3,000 rpm for 10 min at 4°C. Assay of p24 antigen was performed as recommended by the manufacturer (Virinostika HIV-1 Antigen; bioMérieux). The activity of virionassociated reverse transcriptase was measured according to the manufacturer's protocol (Lenti-RT Cavidi). Viral infections. PBMC, HeLa CD4 ϩ , and T-cell lines (10 6 ) were infected with p24 and p26 normalized HIV-1 and HIV-2 virus samples (30,000 pg/ml). At 24 h postinfection the cells were washed three times with phosphate-buffered saline. All p26 values were adjusted by a factor of 10 due to the low level of detection of HIV-2 capsid antigen by the HIV-1 assay kit used (data not shown). To monitor infections, aliquots were taken at the indicated time points, and HIV-2 p24/p26 antigen levels were determined.
Total RNA and Northern blot analysis. Total RNAs were isolated from uninfected cells and prepared by using RNeasy minikits (Qiagen). RNA samples (20 g of each cell line) were analyzed by electrophoresis on denatured 1.2% agarose gels and transferred to a nylon membrane. The filters were hybridized with [␥-
32 P]dATP (3,000 Ci/mmol; Amersham Pharmacia Biotech) end-labeled probes by using T4 polynucleotide kinase (USB-Amersham) and visualized by autoradiography.
To detect APOBEC3G mRNA, the oligonucleotide 5Ј-GACTGCAGCCCAT CCTTCAGTTTTCCTG-3Ј corresponding to the terminal end of the APOBEC3G gene was used. ␤-Actin mRNA was identified by using the primer 5Ј-GGAC TCGTCATACTCCTGCTTGC-3Ј complementary to the Homo sapiens ␤-actin gene terminal end.
Immunoprecipitation and Western blotting. For Western blot analysis 293T cells were cotransfected by Fugene (Roche) with 1 g of DNA from APOBEC3G containing plasmid and the proviral plasmids Vif2 STOP, Vif2 wild type, or Vif2 mutant cloned in ASIB. At 48 h posttransfection, cells were lysed in radioimmunoprecipitation buffer (0.15 M NaCl, 0.05 M Tris-HCl [pH 7.2], 1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) in ice and immunoprecipitated with anti-HA affinity matrix (Roche). Proteins were separated by SDSpolyacrylamide gel electrophoresis, and protein bands were transferred onto nitrocellulose membrane (Amersham Biosciences). Proteins were detected by ECL (Amersham Biosciences) with horseradish peroxidase-conjugated rat anti-HA monoclonal antibody 3F10 (Roche).
One-cycle infectivity assay. A one-cycle infectivity assay was used to measure the ability of wild-type or mutant Vif proteins to complement a single-round replication of HIV-2 vif-minus virus in trans. Briefly, 293T cells were cotransfected by Fugene (Roche) with 1 g of DNA proviral plasmids encoding HIV-2 ROD vif-minus or HIV-2 ROD plus VSV-G envelope, with 1 g of APOBEC3G and HA-Vif2 wild-type or HA-Vif2 mutant proteins. As controls, cells were transfected with HIV-1 NL43 vif-minus complemented by HA-Vif wild type plus VSV-G envelope and APOBEC3G. For determinations of the titers of APOBEC3G necessary to inhibit the HIV-1 vif-minus and HIV-2 vif-minus mutants, 293T cells were transfected with proviral plasmids encoding Vif and without Vif plus VSV-G envelope, along with increasing concentrations of APOBEC3G. The plasmid ratios of provirus to APOBEC3G were 1:0, 1:1, 1:4, and 1:10. Viruses in the supernatant were collected at 48 h posttransfection, and virus titers were measured by using the p26 antigen. Normalized viral titers were used to infect P4 target cells. On day 2, infected cells were lysed and the ability of wild-type or mutant Vif proteins to complement a single round of infection was measured by a chemiluminescent ␤-galactosidase assay according to the manufacturer's protocol (Roche). Values shown are the percentage of infectivity relative to HIV vif-minus mutant complemented with Vif wild-type protein.
RESULTS
Characterization of cell line permissivity for Vif-minus HIV-2. Several studies have identified the cellular nonpermissivity for HIV-1 vif-minus replication in which H9 constitutes the standard nonpermissive cell line for Vif function (15, 55) . Nevertheless, studies carried out with HIV-2 vif-minus virus in different laboratories produced contradictory results regarding cellular nonpermissivity (24, 32, 37, 53) . Therefore, we analyzed HIV-2 vif-minus replication in different cell lines for functional analysis of Vif protein. To define the cellular nonpermissivity to Vif-defective HIV-2, we constructed a HIV-2 ROD vif-minus (ROD-STOP) where two in-frame stop codons were introduced at the N-terminal region of vif gene. Proviral plasmids HIV-2 ROD and HIV-2 ROD STOP were used to cotransfect 293T cells with pVSV-G. Pseudotyped viruses in the supernatant were harvested, quantified, and used to compare their abilities to replicate in several cell types, namely, PBMC and A3.01, Jurkat, H9, SupT1, HeLa CD4 ϩ , and U38 cells. Ten days after infection, the ability of viruses to replicate was measured by quantification of p26 antigen levels in culture supernatants. As a control, we carried out the same infection experiments with HIV-1 NL43 and HIV-1 NL43 vif-minus proviral plasmids (Fig. 1A) . In general, we observed that infections by pseudotyped HIV-1 produce higher levels of p24/p26 than pseudotyped HIV-2 viruses and also that some cell lines are more productive (SupT1, A3.01, and U38) than others (HeLa CD4 ϩ and Jurkat). Two patterns of viral replication were observed. First, PBMC did not support the spread of HIV-2 ROD vif-minus virus, corresponding to the nonpermissive character, since it was also observed for HIV-1 NL43 vif-minus virus, as previously described (15, 55) . A second group that includes all other cell lines tested showed that the lack of Vif expression had no visible consequences in HIV-2 viral replication, corresponding to a permissive character. The monocyte/macrophage cell line U38, derived from U937 cell line, is permissive for HIV-2 ROD vif-minus (Fig. 1A) as described previously with HIV-2 chimera strain La317 infection of U937 cells (24) . In contrast to HIV-1 vif-minus, H9 cells show a permissive char- ϩ , SupT1, and U38 cells. RNAs extracted from uninfected cells were resolved by electrophoresis and subjected to Northern analysis with 32 P-labeled APOBEC3G probe (top panel). For internal control, a ␤-actin specific probe was used (bottom panel).
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HIV-2 RESTRICTION TO APOBEC3G 825 acter to Vif-defective HIV-2 ROD , confirming previous reports (24) . These results show that HIV-2 ROD vif-minus virus has different cell-type permissivities compared to HIV-1 vif-minus virus. To confirm cell line phenotypes, we measured APOBEC3G expression by Northern analysis (Fig. 1B) , and we verified that APOBEC3G was only expressed in H9 cells.
In vitro and in vivo characterization of HIV-2 Vif mutants.
To characterize the functional domains of Vif2, mutants were generated in conserved motifs and specific amino acid residues of the protein. In Fig. 2 is shown the comparison of Vif2 and Vif1 proteins where the conserved motifs are indicated (39) . An identity of 25% was observed between these two proteins. Conserved motifs in HIV-2 Vif proteins are boxed (continuous line), as well as conserved motifs between Vif proteins from HIV-1 and HIV-2 (broken line). Essential amino acid residues in Vif1 are also indicated.
To assess the stability of Vif2 mutant proteins, we performed in vitro transcription-translation experiments. Mutants of vif genes were cloned into the eukaryotic expression plasmid pBK-CMV, and in vitro expression was analyzed. The results shown in Fig. 3A indicate that Vif2 mutant proteins are expressed with molecular weights similar to those of the wildtype protein. Differences in the molecular weight of Vif2 deletion mutants are visible. As expected. no protein was expressed when Vif2 mutant MDSTOP was used since two inframe stop codons (TGATGA) were introduced in the Nterminal portion of vif gene. To confirm in vivo expression of Vif2 mutants as well as cellular localization, HeLa cells were transfected with plasmids encoding vif wild-type (Vif1 and Vif2) and vif mutant (VifMD1A) constructs cloned in fusion with HA epitope at the N terminus. As controls of nuclear and cytoplasmic localization, we used a nuclear protein (NP) and a cytoplasmic protein (TE-thioesterase) cloned in the same vector. At 18 h posttransfection, protein localization was detected with monoclonal antibody against HA epitope (Fig. 3B, sub- panels B, D, F, H, and J) and TOTO-3 for nucleic acids staining (Fig. 3B, subpanels A, C, E, G, I , and L). The results show the expression of wild-type HA-Vif2 and HA-Vif1 (Fig.  3B , subpanels D and F) and of HA-Vif2 MD1A (Fig. 3B , subpanel B) in the nucleus, similar to that obtained with all other mutants (data not shown). Comparison of subpanels A and B, C and D, and E and F in Fig. 3B shows that HA-Vif2 and HA-Vif1 wild-type and HA-Vif2 MD1A present a nuclear localization pattern confirmed by TOTO-3 staining. These results were obtained under mild conditions of fixation (4% paraformaldehyde). Nevertheless, when methanol fixation was used, the morphology of cells was altered and Vif is seen in both the nucleus and the cytoplasm, probably indicating that internal cellular structures were disrupted (data not shown). Although Vif has been described predominantly as a cytoplasmic protein (11, 18, 19, 32, 48) , several reports also show the presence of substantial Vif protein in the nucleus (7, 18, 22, 23, 48) . For example, Vif from FIV is primarily in the nucleus (7), but in HIV-1-transfected cells Vif is less evident in nuclear fractions (18, 22, 23, 48) . Therefore, our results of HIV-2 Vif protein localization in the nucleus show that its localization may depend on different viral settings. Further assays will have to be performed to analyze the importance of this cellular localization. Furthermore, our results demonstrate that Vif2 mutant constructs present a stable cellular expression. Fig. 4A are those with alterations in conserved regions between Vif1 and Vif2, namely, HIV-2 ROD M6 and HIV-2 ROD M7 with the substitution of essential cysteines and HIV-2 ROD MD5 and HIV-2 ROD MD8 with deletions in conserved motifs described previously for Vif1 (13, 27, 35, 50) . PBMC infected by HIV-2 ROD produce large amounts of viral particles, as detected by p26 levels. Nevertheless, when these cells are infected with HIV-2 ROD Vif mutants MD5, M6, M7, and MD8, viral replication is inhibited, indicating that these motifs of Vif2 are essential for HIV-2 infectivity. In contrast, viral infection of A3.01, H9, Jurkat, and U38 cells showed no significant differences in p26 levels with HIV-2 ROD and HIV-2 ROD Vif mutants, as expected for permissive cells. Nevertheless, HIV-2 ROD vif-minus and all HIV-2 ROD Vif mutants show a pronounced decrease in p26 levels after 15 days of infection in H9 cells.
Similar replication analysis was performed with HIV-2 with deletions (HIV-2 ROD MD1A and HIV-2 ROD MD1B) and substitution (HIV-2 ROD M2) in conserved motifs of Vif2 protein (Fig. 5A) . The results presented in Fig. 5B with nonpermissive PBMC show that Vif mutants failed to trigger detectable levels of virus replication as assayed by p26 antigen, whereas the same mutants reveal wild-type-like kinetics for infection in permissive cells. These patterns of infection suggest that conserved motifs 42-VPHHKVGWAWWTCSRVIFPL-61 (MD1A and MD1B) and 121-EVRRAIRGEK-130 (M2) are essential for Vif function in HIV-2 replication. To confirm that the absence of viral production with HIV-2 Vif mutants in nonpermissive cells is Vif dependent and not due to an abnormal viral expression, we analyzed the major viral proteins. Radioimmunoprecipitation analysis showed the same expression level of gp140 Env protein and p26 capsid proteins in HIV-2 wild-type and Vif mutant viruses, indicating a good integrity of the mutant viruses used for the infectivity studies (data not shown). These results show that all of the conserved regions in Vif2 are specifically important for the replication of HIV-2.
Functional relationship between HIV-2 Vif and APOBEC3G. HIV-1 Vif function was associated with the inhibition of the antiviral cellular protein APOBEC3G (20, 28, 29, 46, 61) . This link was confirmed by APOBEC3G expression in H9 cells and the lack of replication of HIV-1 vif-minus in those cells. Moreover, it was possible to change the cell permissivity to HIV-1 vif-minus when APOBEC3G was expressed (44) . As shown above, our results with HIV-2 are in partial disagreement with the model that APOBEC3G completely inhibits HIV-1 repli- plemented with plasmids expressing HA-Vif2 and HA-Vif2 mutants were produced from 293T cells cotransfected with a Vif/APOBEC3G ratio of 1:1. By infection of P4 target cells, HIV-2 vif-minus showed a significant reduction of 60% in viral infectivity compared to the values obtained for HIV-2 vifminus transcomplemented with a plasmid expressing HA-Vif2 or HA-Vif1 (Fig. 6C) . We have used HIV-1 NL43 vif-minus as a control and confirmed a strong reduction in viral infectivity (80%) (44) . A small reduction of 30 to 40% was observed when HA-Vif2 mutants MD5, M6, M7, and MD8 were tested. In the case of M7 and MD8, the decrease in viral infectivity is associated with very low levels of Vif expression (Fig. 6A, lanes 7 to  10) ; this is probably due to the instability of these mutants in the presence of APOBEC3G. For mutants MD5 and M6, a similar reduction in infectivity was observed compared to that of M7 and MD8; expression is higher for mutants MDS and M6, suggesting a role for these domains in Vif function. In contrast, HA-Vif2 mutants MD1A, MD1B, and M2 show values of viral infectivity similar to those obtained for HIV-2 vif-minus transcomplemented with HA-Vif wild type, indicating the lack of a functional role (Fig. 6C) . Therefore, these results suggest that the motifs 24-SLVKYLKY-31 (MD5), Cys 116 (M6), Cys 134 -Cys 135 (M7), and 147-SLQFLAL-153 (MD8) of Vif2 protein may have an important role for its function and stability when APOBEC3G is highly expressed in a transfection assay, which is not the case in H9 when the deaminase is expressed in a steady-state. Moreover, when 293T cells are cotransfected in a ratio of 1:1 with Vif2 mutants and APOBEC3G, a consistent expression of deaminase protein is detected, as measured by densitometry (Fig. 6A) . These results show that with a decrease of ϳ50% in viral infectivity when APOBEC3G is coexpressed with HIV-2 vif-minus, no alteration is observed in the steady state of deaminase. In addition, our results also show that the decrease in HIV-2 vif-minus infectivity using Vif2 mutants does not correlate with increase of APOBEC3G expression but may result from differences of Vif2 expression levels or other than APOBEC3G effect (Fig.  6A) . These results are in agreement with the viral replication kinetics in H9 cells, where the presence of APOBEC3G does not strongly affect viral replication, suggesting a minor role of APOBEC3G on HIV-2 vif-minus replication.
DISCUSSION
HIV-2 and HIV-1 share ca. 50% of nucleotide sequence. Furthermore, Vif proteins from the two viruses have only 25% amino acid identity, which may explain some of the differences in infectivity seen between these two viruses (8) . In the present study we determined the replication capacity of HIV-2 Vifdefective virus and HIV-2 Vif mutant viruses in various cell lines to identify its permissivity and the structure-function relationship of Vif protein. Previous reports show contradictory results about the nonpermissive phenotype for HIV-2 vif-minus (24, 32, 37) . We confirm here that H9, SupT1, and A3.01 cells are permissive for HIV-2 replication in the absence of Vif, as observed for chimera LA 317 (HIV-2 RODϩGH ) and HIV-2 Kr strains (24, 32, 37 Comparison of amino acid sequences from Vif proteins of HIV-1 and HIV-2 show the presence of two conserved motifs (35) . The results shown in Fig. 4 confirm that the "SLQFLA" motif in Vif protein is essential for HIV-2 viral replication, as already described for HIV-1, SIV, and FIV (7, 12, 50) . Nevertheless, expression of this deletion mutant is low, indicating a structural constraint of this region in Vif protein. Moreover, the conserved motif of Vif represented by amino acids 24 to 31 (SLVKYLKY) is also essential for HIV-2 replication, and its expression is similar to wild-type Vif protein. As with HIV-1 Vif, the conserved cysteines (M6 and M7) in Vif2 are important for its function, indicating a structural conformational role of these residues due to a lack of expression when some of them are eliminated (M7). In addition, Vif2 specific conserved motifs are also essential for viral infectivity (39) . The presence of these motifs in HIV-2 Vif protein may explain the different infectivity phenotype of this virus compared to HIV-1 in the absence of Vif.
Previous studies of Vif1 wild type and Vif1 mutants have shown a predominant cytoplasmic localization (4, 18, 19, 22, 32) that was not observed with the HIV-2 Vif wild type or Vif mutants in our study. These reports show that cellular localization of Vif has been mainly observed in the cytoplasm, interacting with membranes, Gag, and intermediate filaments (18, 23, 32, 48) . Nevertheless, a consistent small fraction of The function of Vif directly involves the degradation and inactivation of the deaminase APOBEC3G. Nevertheless, in H9 cells that stably express APOBEC3G our replication studies show no differences during 15 days of replication whether HIV-2 ROD and HIV-2 ROD vif-minus are used. In contrast, results of a single-cycle replication assay with viruses produced in 293T cells cotransfected with APOBEC3G showed differences in viral infectivity between the Vif2 mutants and the wild-type Vif2. HIV-2 ROD vif-minus shows 40% viral infectivity in presence of APOBEC3G compared to HIV-2 ROD . This small reduction in infectivity was obtained with a 1:1 plasmid ratio (Vif/APOBEC3G), but was reduced to nearly 10-fold with higher APOBEC3G concentrations. In our assay, HIV-1 vif-minus shows always a greater reduction in viral infectivity, with an ϳ100-fold reduction at the highest APOBEC3G concentration. This relative comparison with HIV-2 and HIV-1 vif-minus in the presence of APOBEC3G indicates that this deaminase restricts less HIV-2 infectivity in the absence of Vif. We may hypothesize that other APOBEC family members may be involved in restricting HIV-2 infectivity (56), other than APOBEC3G, and that Vif2 is more specific for these factors. In addition, we may speculate that HIV-2 Gag proteins may also be involved in blocking APOBEC3G activity, reducing the role of Vif (2, 6, 52) .
As shown in a single-cycle assay, the decrease in viral infectivity is dependent on the Vif2 mutant used. When mutations are localized in similar conserved regions of Vif1 and Vif2, the decrease in viral infectivity is more evident. In contrast, when mutations are introduced in conserved motifs specific for Vif2 protein, no effect on viral infectivity was detected. These results suggest that HIV-2 vif-minus inhibition due to APOBEC3G presence may follow a different mechanism of action.
Studies on the regulation of HIV-1 infectivity by APOBEC3G show that its activity is essential but not the sole determinant of antiviral activity (46) . Our results show that only mutated domains conserved between Vif1 and Vif2 proteins influence HIV-2 infectivity when APOBEC3G is present. This fact supports the hypothesis that Vif2 targets the deaminase differently, and it is conceivable that the level of APOBEC3G expression may influence HIV-2 vif-minus infectivity. This is consistent with the result that the decrease of HIV-2 vif-minus infectivity is more evident only when 293T cells are transfected with APOBEC3G. Therefore, the steady-state expression of APOBEC3G in H9 cells may not be sufficient for the antiviral effect observed with HIV-1 vif-minus.
Our results allow us to speculate that viral inhibition by APOBEC3G is not the sole and most important determinant of antiviral activity against HIV-2. This hypothesis is compatible with our results of viral replication and single-cycle infectivity, in which a limited effect of APOBEC3G exists. Furthermore, the lack of viral replication in PBMC supports this conclusion. Further studies are in progress to define the relationship between APOBEC3G family members and HIV-2 Vif protein.
ACKNOWLEDGMENTS
This study was supported by grant POCTI/SAU/1411/01 from the Fundação para a Ciência e Tecnologia to I.B. and grant POCTI/MGI/ 33096/01 to J.G. and by the Comissão Nacional de Luta Contra a Sida. A.C.R., A.M.S., and M.S.-M. are the recipients of doctoral fellowships from the Fundação para a Ciência e Tecnologia.
The 293T, HeLa, HeLa CD4 ϩ , HeLa P4, SupT1, H9, Jurkat, A3.01, and U38 cell lines were obtained from the AIDS Research and Reference Reagent Program. We thank L. Lang Xia and R. Bénarous for the plasmid containing the thioesterase gene. We are also grateful to M. João Gama and E. Rodrigues from UBM-CPM for assistance with Northern blotting. We thank Sofia Coelho, Elsa Anes, and Quirina Santos Costa for helpful assistance.
